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Abstract 
This project investigated the overaging performance of aluminum alloy 2219-T852 for use in 
high temperature applications. 2219 aluminum is an alloy containing 5.8 to 6.8 percent copper, 
and is classified as a high strength age hardenable alloy. The sponsor for this project, Weber 
Metals, hopes to use 2219 Al to replace titanium in certain applications above the thermal 
limits of typical high strength Al. To test its performance, they manufactured round tensile 
samples and delivered them in peak aged, T852 condition. These samples were then overaged 
at a range of times and temperatures. The times in this experiment were one hour, five hours, 
and ten hours. The temperatures used in this experiment were 400°F, 450°F, 500°F, 550°F, 
600°F. The 2219-T852 aluminum did not significantly overage after 5 hours at 400°F, and only 
slightly aged after ten hours at 400°F. At 450°F, the sample weakened after 5 hours. All other 
times and temperatures experienced severe overaging.  This indicates that 2219 Al can 
withstand 400°F to 450°F environments while maintaining its heightened tensile strength for 
short periods of time.  
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Introduction 
Company Information 
Weber Metals is an aluminum and titanium forging company located in Paramount, California. 
Weber Metals supplies products for commercial and military aerospace applications, space 
programs, and certain electronics / semiconductor components.  The company specializes in 
closed-die forging and can forge parts up to 4000 pounds. These parts are then cut, heat 
treated, and machined. At this point, the parts are delivered to various aircraft manufacturers 
and assembled. 
Problem Statement 
Weber Metals is investigating the use of 2219-T852 Aluminum in elevated temperature 
applications. However, specific data on the overaging behavior of 2219 aluminum is 
unavailable.  Currently, titanium is used for many high temperature applications due to its 
elevated temperature properties. The disadvantage is that titanium is expensive, and it would 
be ideal to replace it with 2219 Al if it can maintain its strength in high temperature 
applications. The available literature has shown that 2219 aluminum reaches the peak age 
condition after approximately 18 hours of aging at 350°F. At that point, the precipitates are 
ideally sized to maximize the tensile strength. Upon further high temperature exposure, the 
precipitates grow too large and the result is a reduction in strength of the alloy. The exact data 
on this overaging process is not yet documented. To address the lack of overaging data, this 
project collected yield strength values from 2219 aluminum samples after various amounts of 
high temperature exposure. This data was used to produce overaging curves.  
Information on 2219 Aluminum 
One of the primary markets for Al-Cu alloys is in applications requiring high strength and 
toughness at low weight. However, high strength aluminum-copper alloys will lose tensile 
strength when exposed to elevated temperatures, resulting in failure. Aluminum alloy 2219 has 
a reputation for being more stable at these temperatures.  
2 
 
2219 aluminum is a wrought, age hardenable aluminum alloy containing between 5.8 and 6.3 
percent copper. This alloy is typically aged with a standard T852 heat treatment. This indicates 
that the alloy is solutionized, then compressed to 5% strain, and finally artificially aged to peak 
tensile strength. T852 tempered aluminum has yield strength of 43 ksi, tensile strength of 56 
ksi, and 3.46% elongation.[1] 2219 aluminum is weldable and is only slightly susceptible to stress 
corrosion cracking, but is somewhat weak to general corrosion. 2219-T852 aluminum is 
typically used for applications such as fuel tanks, supersonic aircraft skins, and structural 
parts.[2] 
Precipitation Behavior of the Al-Cu System 
2219 Aluminum is an alloy containing 6.3% Cu, 0.3% Mn, 0.18% Zn, 0.10% V, and 0.06% Ti. The 
precipitate microstructures of 2219 Aluminum were examined and it was found that 2219 
Aluminum behaves similarly to a binary Al-Cu alloy. As such, analysis on the precipitation 
behavior of 2219 aluminum is often based on an Al-Cu binary alloy of similar composition. 
 Many of the interactions within the aluminum-copper system are based on the Al-Cu phase 
diagram (Figure 1). This diagram is a basic eutectic system up until the first major copper 
precipitate, CuAl2. The eutectic 
system acts as a basis for how Al-Cu 
alloys can be strengthened beyond 
the limit of pure aluminum via 
precipitation hardening.[3] 
Precipitation hardening is a three-
step process. First, the alloy is 
heated until the entire alloy is in the 
solid solution phase (𝛼) (usually 
around 1000°F). When this 
temperature is maintained, the 
copper dissolves into aluminum 
matrix, forming a single phase. 
Figure 1. The binary region of the Al-Cu Phase Diagram, showing the 
eutectic behavior of the system until the formation of the θ 
stoichiometric phase. 
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The second step is to quench the alloy down to room temperature. This cools the metal without 
allowing time for the copper to diffuse back out of the aluminum matrix. The product of this 
transformation is a supersaturated solution of copper in aluminum. This is a phase that does 
not appear on the phase diagram, and therefore is instable. However, the available thermal 
energy at room temperature is insufficient for the copper to diffuse out of the α solution, 
resulting in a metastable phase. Over time, the copper will slowly diffuse into θ, but the 
reaction occurs on a timescale of days to years. 
The third step involves heating the sample back to a temperature within the two-phase region, 
such that diffusion occurs on a small scale. This results in finely dispersed particles throughout 
the sample. These particles interfere with dislocation movement, and that the degree of 
strengthening is dependent on the size and shape of these particles. This process is called 
artificial aging.[4] 
The longer the samples are heated, the larger the precipitates become. Eventually, the α matrix 
ceases to be supersaturated with copper. However, the β grains continue to grow by consuming 
each other. This reduces the total surface area of the β precipitates and results in coarser grains 
that are less effective at blocking dislocation movement. The end product is a weaker alloy. This 
process is called overaging. 
The Al-Cu precipitation hardening sequence is a bit more complex chemically.[5] Al-Cu does not 
immediately precipitate into the stable CuAl2 phase at room temperature. Instead, precipitate 
formation in Al-Cu follows a series of stages as the temperature is raised. First, local clusters of 
solute atoms, or GP zones, form from the supersaturated alpha solution. When aged at room 
temperature, these are the only precipitates that form, as further reactions do not proceed 
below 100°C. Next, two intermediate structures form, Θ” and Θ’ respectively, as the aging 
temperature increases. Finally, the stable Θ phase (CuAl2) forms. The GP zones in Al-Cu form in 
2d plates oriented parallel to the {100} aluminum planes. The Θ’’ phase forms in plates that 
look similar to the GP zones and have the same alignment. However, they are several atomic 
layers thicker, resulting in a 3D structure. Next, the Θ’ phase forms in a tetragonal crystal 
structure, but remains coherent with the Al matrix. Finally, the stable Θ phase forms with the 
same tetragonal structure, but no longer retains the coherency. The hardness of the alloy 
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increases with the formation of GP zones, increases further with the formation of Θ’’ phases, 
comes to a maximum when both Θ’’ and Θ’ are present, and decreases as more Θ’ and Θ form 
(Figure 2). The reason for this behavior is that the Θ’ and Θ phases are larger, reducing the total 
surface area of the precipitates. In addition, the precipitates are no longer coherent with the Al 
matrix, reducing the strain generated. 
 
Figure 2. A graph of hardness vs aging time for a typical Al-Cu Alloy. The alloy reaches a maximum 
hardness as θ” converts to θ’. 
Therefore, the optimal time to stop aging an Al-Cu alloy is shortly after θ” precipitates begin 
transforming into θ’. This is when the alloy is at its maximum strength. This is called peak aged 
condition. If the alloy is aged beyond that point, the alloy will weaken. This process is called 
overaging. This overaging strength drop-off is why Al-Cu alloys, including 2219, behave poorly in 
high temperature environments. 
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Previous Studies on 2219 Aluminum 
One of the first reports on the high temperature aging behavior of 2219 Al was an examination 
into times required for different precipitates to form. 2219 Al samples were aged at 190°C for 
times ranging between 15 minutes and 30 days (Figure 3).[3] It was found that at 190°C the GP 
zones were present. Θ’’ appeared after four hours. The Θ’’ reached a maximum after eight 
hours, and reduced in quantity thereafter. In addition, large quantities of Θ’ begin to form. By 
36 hours, the entire sample was composed of Θ’. The only difference between 36 hours and 30 
days was a slight coarsening of the Θ’. The conclusion was that increasing copper content 
stabilized the GP zones, since GP zones were not present at 190°C in Al-Cu binary sample of 
lower wt% Cu. These results suggest that above 200°C 2219 Al may not be stable for more than 
a couple hours. 
Another interesting note was the impact the DSC had on the samples. Some samples would 
only respond on the GP zone formation and the Θ’ formation, but not on the Θ’’ formation. This 
implies that under sufficient cooling speeds Θ’’ may not be necessary to nucleate Θ’, Therefore, 
θ’ does not nucleate from θ”, but instead can nucleate directly from the α matrix. 
Figure 3. Hardness versus Time for two AA2219 samples, 
showing the overaging curve at 190°C 
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The aging behavior of various round bar diameters of AA2219 alloys at 190°C was also 
investigated.[6] It was found that all samples under 75 mm diameter had identical aging 
behavior and times. However, a 120 mm bar showed an aging response that was delayed by 
one hour. One explanation was that the kinetics at the center of the sample differ sufficiently at 
120 mm diameters to show the aging response.  It was found that the peak aged samples 
displayed yield strengths of 288 to 304 MPa and took 23 hours to fully age (Figure 4). 
2014 Aluminum Aging: 
2014 aluminum is a similar alloy to 2219 aluminum. The primary difference is that 2014 
aluminum contains between 4-5% Cu whereas 2219 aluminum contains 5.8 to 6.8% 
aluminum.  Therefore, although the alloys are slightly different, the aging trend is similar. Thus, 
the overaging curves for 2014 aluminum show the expected behavior for an Al-Cu alloy with 
high Cu content (Figure 5).[7] 
 
Figure 4. Yield Strength versus Aging Time for several round bar diameters, 
showing severe overaging after 25 hours at 190°C 
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Figure 5. Yield strength versus time (log scale) overaging curves for various temperatures for 2014 
Aluminum.[7] 
At the 400°F temperature, the 2014 aluminum sample did not lose much of its strength within 
the 10 hour overaging time.  After 10 hours at 400°F the sample only lost 10% of its yield 
strength.  Compared this to the 450°F and 500°F overaging temperatures, where we can 
observe much higher degrees of overaging.  The 450°F lost 38.5% of its yield strength within the 
10 hours, and the 500°F lost 55.2% within the 10 hours. 
No data was available for 550°F and 600°F for the 2014 aluminum, but the trends in the data 
seem to indicate that the aluminum samples will overage rapidly at these temperatures.  450°F 
and 500°F overaging temperatures both resulted in significant loses to yield strength.  400°F 
overaging temperature was the only temperature at which the aluminum was able to keep a 
large amount of its strength.  This might indicate that for the data we will collect in the future 
for 2219 aluminum that the 400°F will be the most promising in terms of maintaining its yield 
strength and being usable for extended amounts of time in high temperature applications. 
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Experimental Procedure 
Testing Plan 
The following testing plan was used to evaluate the effectiveness of 2219 aluminum at 
maintaining its strength during high temperature overaging.  Five different overaging 
temperatures were used 400°F, 450°F, 500°F, 550°F, 600°F.  These temperatures were chosen 
because aluminum alloys are not designed to be used in applications above 350°F, so the goal 
of this research was to see if this specific aluminum alloy is able to function above 350°F.  These 
temperatures are all well above the aging temperature for 2219 Al (350°F), and therefore 
overaging at all temperatures should occur. However, there may be a limited amount of time 
where this alloy could be used before the overaging becomes critical.  Thus, times were 
selected to find the point at which the 
strength drop becomes significant.  These 
aging times were 1 hour, 5 hours, and 10 
hours.  For each time and temperature 
combination, five tensile samples of 2219 
aluminum were used to obtain a range of 
data for greater experimental accuracy.  This 
testing plan is summarized graphically (Figure 
6).  This testing plan requires 75 samples, but 
5 additional samples in the peak aged 
condition (as delivered) were tested as a 
control.  Thus, 80 2219-T852 aluminum 
tensile samples were tested in this 
experiment. 
 
Figure 6. Graphical Summary of the testing plan for this 
project. Includes the five overaging temperatures and the 
three overaging times to be used for the samples. 
9 
 
Tensile Samples 
The tensile samples used in this experiment were produced by Weber Metals (Figure 7). They 
were forged into coupons with several different orientations. The samples were processed on a 
CNC lathe to the final dimensions used in this project.  The full length of each sample was 4”. 
The outer diameter of the treads was 9/16” with a pitch of 1/12”. The inner diameter was 3/8”. 
The gage length of the sample was 2.2 inches, and the thickness of the sample was 0.28 inches 
on average. The grain orientation from the forging was randomized and did not have a 
significant impact on the results of the tensile testing. 
 
Figure 7. A tensile sample provided by Weber Metals Inc. 
Furnace Preparation 
Prior to beginning the overaging treatments for the aluminum samples, various furnace 
preparation activities were performed in order to ensure the furnace heated the samples as 
close to the desired overaging temperatures as possible.  First, a furnace shroud was 
constructed (Figure 8).  The samples were placed underneath of this shroud.  The shroud 
protects the samples from the surface radiation from the walls of the furnace. Without a 
shroud, the radiation produced by the heating elements within the walls of the furnace could 
be absorbed into the surface of the samples, resulting in the surface reaching significantly 
higher temperatures than the insides.  The addition of a shroud greatly reduces this surface 
heating effect and ensures that the aluminum samples see an even heating distribution.  This 
shroud was cut from a 6-inch diameter aluminum cylinder.  The cylinder was cut in half and the 
sides of the shroud were ground down with an angle grinder to ensure that the shroud would 
fit in the 6-inch-wide furnace. 
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Figure 8. The furnace shroud (outlined in red) protects the five aluminum samples from surface 
radiation. 
After completing the construction of the furnace shroud, furnace temperature calibrations 
were performed in order to ensure that the temperature inside the shroud matched the 
temperatures in the testing plan. Thermocouples were inserted under the shroud to monitor 
the actual temperature the aluminum samples would experience.  It was discovered that the 
temperature inside the shroud did not match the temperature that the furnace was set to.  For 
example, if the furnace was set to 400°F the temperature inside the shroud might only reach 
380°F. Therefore, for each temperature, the furnace had to be tested to find the appropriate 
calibration point (Figure 9)(Table I).  
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Figure 9. An example thermocouple log. This log was used to find the proper setpoint for the inside of 
the furnace at 600°F. Initially, the temperature overshot, but a small adjustment was made to reach the 
proper temperature.  
 
 
Table I. Furnace Calibration Results 
Furnace Setting Resulting Temp Inside Shroud 
415°F 392°F-400°F 
475°F 439°F-448°F 
535°F 493°F-500°F 
595°F 545°F-550°F 
650°F 594°F-599°F 
 
Finally, it had to be confirmed that the air temperature was a reasonable analogue for the 
internal temperature of an aluminum piece placed within the shroud. To accomplish this 
purpose, a small aluminum block was placed into the furnace. This aluminum block had a hole 
drilled into it, and an additional thermocouple was placed within the block (Figure 10). This 
allowed measurement of the internal temperature of the block without exposure to the air 
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surrounding the block (Figure 11). As 
shown, the temperature of the block 
does not fluctuate like the air 
temperature. The mass of the aluminum 
effectively regulates the temperature 
within the block, and it maintains a 
relatively consistent temperature in line 
with Newton’s law of heating and 
cooling. However, it should be noted that 
the block never actually equals the air 
temperature. This indicates that for all samples the true temperature of the inner metal was a 
few degrees lower than the air temperature would indicate. However, the samples were much 
thinner than the aluminum block used, which should compensate for the difference to a limited 
extent 
 
Figure 11. Comparison of Al block internal temperature with the air temperature. 
Figure 10: This diagram shows how the block was used to 
measure the internal temperature of the aluminum. 
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Sample Overaging 
After furnace preparation was complete, the overaging of the 2219 Al samples began. These 
samples were placed under the furnace shroud so that they were not exposed to the walls of 
the furnace.  Additionally, a thermocouple was inserted into the shroud to monitor the 
temperature inside the shroud during heat treatments and make sure it matched the 
calibration temperatures. The thermocouple logs that ensured that the tensile samples reached 
the desired temperatures are available in Appendix 1. After the samples completed the 
overfaging treatment, the samples were removed from the furnace and cooled in still air. The 
samples were stored in a building with air temperatures maintained around room temperature. 
This procedure was used for each time and temperature combination until all heat treatments 
were completed. 
Tensile Testing 
Once the samples were overaged, the samples were tensile tested. The tensile testing 
procedure followed ASTM E8.[8] The tensile machine used was an Instron 5582. The round, 
threaded tensile samples were placed in a flat to round 
adapter. (Figure 12). This flat to round adapter follows 
the adapter specification in ASTM E8 and allowed the 
samples to be tested in an Instron flat grip. During 
sample placement within the grips, specimen protect 
was enabled to prevent the samples from experiencing 
significant load prior to the tests. The strain rate was 
set to 3 mm/min (0.11811 in/min) until 1.5% strain (at 
which time the extensometer was removed). After this 
point, the strain rate increased to 8 mm/min (0.31496 
in/min). Finally, the number of samples was insufficient 
so a few treatments were only repeated four times. 
These were 550°F for 5 and 10 hours, and 600°F for 5 
Figure 12: A picture of the testing setup, 
showing the grip-adapter-sample order 
used to place samples in the Instron jaws. 
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hours. These treatments were selected because the results from these tests were not expected 
to be of great interest. 
Safety 
The safety measures taken in the process of this experiment revolved around three main 
categories: general lab safety, furnace safety, and tensile testing safety. General lab safety are 
procedures that apply universally to anyone working within the Cal Poly Mechanical Testing 
Lab. Furnace safety revolves around safe operation of the high temperature furnace used in this 
experiment. Similarly, tensile testing safety involves safe operation of the Instron tensile tester. 
General Lab Safety 
In order to maintain a safe working environment within the lab, certain global rules were 
followed. First, safety glasses were worn at all times, regardless of the operating state of the 
machinery. This protected the eyes in case of unexpected machine operation. Next, long pants 
were worn at all times for similar reasons. Food and drink were not allowed within the lab, both 
to keep the lab clean and prevent possible contamination with any chemicals stored within the 
lab. Personal belongings were stored on shelving next to the workspace, to keep the floor clear 
of all obstacles. The door was propped open, both to prevent accidentally locking people within 
in the event of an emergency, and to ensure that people outside the lab can gain easy access. 
Finally, being alone within the lab was strictly forbidden for any reason.  
Furnace Safety 
Another possible safety hazard for this experiment was the furnace. While it was only heated to 
600oF for the purposes of this experiment, it is capable of reaching to temperatures above 
2200oF. Accidental exposure to this temperature would result in severe injuries, possibly 
requiring hospitalization. For this reason, strict rules were followed in using the furnace. First, 
any operation involving the furnace required two people. Both participants wore face shields 
and welding gloves. One person was tasked with opening the furnace. The other person would, 
when placing samples in the furnace, pick up the samples with tongs and request the furnace 
be opened. The furnace opener would then open the furnace, wait for the samples to be placed 
within, check to make sure the person is clear, and then close the furnace. A similar procedure 
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was used when removing samples from the furnace. This procedure ensured the safety of 
everyone involved with furnace operation. 
Tensile Testing Safety 
Tensile testing is not as inherently unsafe as furnace operation. Nonetheless, there are certain 
hazards concerning tensile testing. The most obvious hazard is the potential for small metal 
shards to be launched into the air when a tensile sample fractures. In order to mitigate this 
danger, safety glasses were required at all times within the lab. Otherwise, most of the 
concerns were minor. One such concern was with getting fingers caught in the grips, which 
required care to avoid. Another example is that the threads on the tensile samples were lathe 
cut and therefore quite sharp. This necessitated gloves at times. 
Results 
Stress Strain Curves 
All tensile testing data was recorded in the form of stress-strain curves (Figure 13). The Instron 
Bluehill software extracted yield strength, percent elongation, ultimate tensile strength, and 
elastic modulus from the curves. Every stress strain curve generated in this test is available in 
Appendix 2. 
 
Figure 13. A representative stress-strain curve. The brighter red, higher stress curve is peak aged 2219 
Al. The lower, darker red curve is overaged. 
The curve shown is a comparison of a peak aged sample to a sample that has experienced 
significant overaging. A significant decrease in yield strength and a corresponding increase in 
ductility (measured as percent elongation) are noted. 
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Tensile Results 
The resulting data from this experiment has been tabulated (Table II). The most important data 
is the mean yield strength and ductility for each time and temperature combination and their 
standard deviations. It was expected that the more significantly overaged samples would have 
lower yield stress than the peak aged samples. The peak aged samples had a mean yield stress 
of 48.46 ksi, while the samples overaged at 600°F for 10 hours had a yield stress of 24.98 ksi, a 
large drop in strength.  In between these extremes, a general trend of decreasing yield strength 
can be observed in the samples as more overaging is performed.  Ductility had an interesting 
result: The samples overaged at lower temperatures dropped in percent elongation, while the 
samples overaged at higher temperatures increased in percent elongation.  The other 
important takeaway from this data table are the relatively small standard deviations for both 
yield stress and ductility, indicating that the results of our experiment were relatively 
consistent. 
Table II. Yield Strength and Ductility Data for overaged 2219 Aluminum 
Combinations Mean Yield 
Stress (ksi) 
Yield Stress Standard 
Deviation (ksi) 
% Elongation % Elongation 
Standard Deviation 
Peak Aged 48.46 1.26 5.86 0.16 
400°F - 1 Hour 46.32 0.74 3.82 0.25 
400°F - 5 Hour 47.58 1.84 4.52 1.02 
400°F - 10 Hour 44.02 2.03 4.00 0.65 
450°F - 1 Hour 46.90 0.60 6.35 0.25 
450°F - 5 Hour 39.62 0.25 6.35 0.25 
450°F - 10 Hour 38.52 0.75 4.73 0.70 
500°F - 1 Hour 40.90 0.86 7.36 0.29 
500°F - 5 Hour 35.14 1.00 6.27 0.83 
500°F - 10 Hour 33.74 0.99 8.53 0.21 
550°F - 1 Hour 34.24 1.75 6.60 0.80 
550°F - 5 Hour 31.40 0.47 8.97 0.57 
550°F - 10 Hour 30.43 1.12 9.04 0.31 
600°F - 1 Hour 30.40 1.03 5.98 0.37 
600°F - 5 Hour 26.78 0.69 9.52 0.45 
600°F - 10 Hour 24.94 0.48 9.86 0.45 
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Overaging Curves 
The most important result of this research is the overaging curves plot.  The primary overaging 
plot is the yield stress plot (Figure 14). 
 
Figure 14. Yield strength overaging curves for 2219 aluminum.  X-axis is overaging time, Y-axis is yield 
stress, and each curve represents a different overaging temperature. 
This plot shows that for the higher temperature tests (500°F,550°F, 600°F) there was a 
significant drop in yield strength upon overaging. Most of this yield strength drop occurred in 
the first hour of overaging, implying that the largest strength drop occurs in the early stages of 
overaging.  For the 450°F overaging temperature, the yield strength stayed relatively constant 
for first hour of overaging, and then dropped off a significant amount after 5 hours of 
overaging.  The most interesting result is the 400°F overaging temperature.  The overaging 
curve for 400°F is relatively straight compared to the other graphs, and the yield strength drop 
off was small. 
The other important plot was the ductility overaging curves (Figure 15).  These curves show the 
interesting effect that overaging temperature variation had on the ductility. 
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Figure 15. Ductility overaging curves for 2219 aluminum.  Same axis as yield strength overaging curves in 
previous figure, except % elongation is now on the Y-axis. 
From this plot, it can observed that low temperature overagings (400°F and 450°F) experienced 
a slight drop in ductility, from roughly 6% at peak aged condition to between 4-5%.  Whereas 
the higher temperature overagings (500°F, 550°F, and 600°F) saw an increase in ductility to 
around 8-10% after 10 hours.   
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Statistical Significance 
In order to verify the statistical significance of the conclusions within this experiment, a 
statistical analysis was performed. All analysis beyond the standard deviations given earlier was 
produced by Minitab 17 Statistical Software. The first analysis performed was to fit the yield 
strength and ductility data to a general linear model, with time and temperature as the input 
variables. As expected, time, temperature, and the interaction effect between them had a 
statistically significant impact on the yield strength and ductility. Of greater interest were the 
residual plots. Both yield strength (Figure 16) and ductility (Figure 17) closely followed  a normal 
distribution, validating any analysis that requires a normal model. 
 
 
 
Figure 16. Residual plots for yield strength data, showing that the data follows a normal distribution. 
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Next, the yield strength and ductility data was grouped into sets using a Tukey pairwise 
comparison. This way, any conclusions drawn from this data set will be statistically different 
from each other. (Table III) 
Table III. Tukey Pairwise Comparisons for Yield Strength 
 
Figure 17. Residual plots for percent elongation data, showing that the data follows a normal distribution. 
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As shown, overaging at one and five hours at 400oF did not statistically age the samples. 
However, overaging did occur at ten hours. Similarly, overaging did not occur within the first 
hour at 450oF. In addition, significant overaging occurred beginning at 500oF, and occurred 
extremely quickly at 600oF. The pooled standard deviation for the yield strength was 1.25603. 
The second pairwise comparison concerned the ductility data (Table IV). 
Table IV. Tukey Comparisons for Ductility Data 
 
The ductility data shows that overaging at 400F definitely results in a drop in the ductility. 
Furthermore, there seems to be evidence that a similar drop may occur with overaging at 450F. 
However, the sample size was insignificant to confirm this effect to a statistically acceptable 
degree. There does not appear to be any correlation between overaging time and a relevant 
ductility drop. Overaging at higher temperatures for longer times does result in a statistically 
significant increase in ductility. The pooled standard deviation for the ductility is 0.598010%. 
Finally, the statistical power of this experiment was calculated and graphed for the yield 
strength data (Figure 18). 
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As shown in the graph, the minimum difference in yield strength that could be observed by this 
experiment with a reasonable amount of statistical power was about 2.75 ksi. Any overaging 
effects under this limit would be considered statistical noise, and would not be documented. A 
similar power curve was calculated with the ductility data (Figure 19). Similarly, the minimum 
detectable change in ductility for this experiment was about 1.3%. 
Figure 18. Power curve for yield strength showing the maximum difference in yield strength for a 
power level of .99, .95, .90, and .80. 
Figure 19. Power curve for yield strength showing the maximum difference in ductility for a 
power level of .99, .95, .90, and .80. 
23 
 
Discussion 
Effect of Overaging on Yield Strength 
The statistical analysis showed the points at which significant overaging occurs.  For the higher 
temperature overagings (500°F, 550°F, and 600°F) it was determined that the majority of the 
yield strength losses occurred during the first hour. This suggests that the most severe growth 
in precipitates occurs quickly at temperatures significantly above the overaging temperature. 
The precipitation reaction in Al-Cu systems therefore is more sensitive towards temperature 
than time. In addition, 2219 aluminum peak aged strength should not be relied upon even for 
short times at temperatures exceeding 450°F.  Following this first hour of aging, there was a 
relatively small but still significant decrease in strength from 1 hour to 5 hours of overaging. 
There was not a significant change between the 5 hour overaging and the 10 hour overaging for 
these temperatures, indicating no significant change in precipitate structure beyond the 5 hour 
point.   This may allow 2219 aluminum to be used at these temperatures provided the initial 
drop in strength is carefully planned for in the design stage. For the lower overaging 
temperatures, the data shows positive results for this alloy. For 450°F, there was no significant 
change in yield strength after 1 hour of overaging.  However, after 5 hours of overaging at 
450°F a sharp yield strength decrease was observed, followed by a slight drop change in yield 
strength after 10 hours.  The precipitates therefore grow at a much slower rate at 450°F. This 
could allow for limited high temperature use in this temperature region, provided the parts 
were changed on a periodic basis. The 400°F overaged samples did not experience a statistically 
significant drop in yield strength until 10 hours of overaging.  On the surface, this suggests that 
there is not any significant precipitate growth. However, the ductility results did show a clear 
change in mechanical properties at these temperatures. This implies a coarsening in precipitate 
structure, but limited in scope and not sufficient to severely weaken the alloy.  Thus, 2219 
aluminum may be viable for a period of time in 400°F conditions. However, the alloy did 
weaken slightly eventually, which further implies slow precipitate growth and therefore gradual 
alloy weakening. 
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Effect of Overaging on Ductility 
The other result was the ductility of the samples.  In general, as the strength of the materials 
drops during the overaging process, the ductility will increase because it becomes easier for 
dislocations to move through the material.  This is what was observed after the 500°F, 550°F, 
and 600°F heat treatments.  However, for both the 400°F and 450°F heat treatments, an overall 
drop in ductility was observed (1-2% elongation drop).  This is because at these lower overaging 
temperatures, the precipitates did not change enough for a significant change in strength to be 
observed. However, there was enough of a change in precipitate size to increase the flaw size 
inside the aluminum, making it easier for the material to experience a fast fracture rather than 
plastically deforming to failure.  This changes the primary failure mode of the samples. Instead 
of the plastic failure normally experienced by aluminum, the samples instead ultimately 
fractured along flaws within the material. This resulted in a slight drop in the ductility observed 
in the samples.  This slight drop in ductility should be noted for any design constraints.  For the 
400°F, 450°F, 550°F, and 600°F overaging temperatures, there was no significant change in 
ductility between the 5 hour and 10 hour aging times. This indicates that these are the 
overaging periods for which the normal increase in ductility with aging time is masked by the 
changes in the fracture mode.  At 10 hours of overaging at 500°F was there was an increase in 
ductility observed. At this point, the alloy weakens sufficiently to allow for dislocation 
movement regardless of the fracture pathway.  
Conclusions 
1. At the 400°F overaging temperature, the 2219 aluminum samples did not experience a 
significant strength drop off after 5 hours, and only a small strength decrease after 10 
hours (~4.5 ksi) 
2. For the first hour, the 2219 samples overaged at 450°F did not experience a significant 
strength drop off.  Based on this, 2219 aluminum can be used for an hour or less at 
450°F without seeing a significant change in tensile properties. 
3. For 400°F and 450°F overaging temperatures there is a slight drop in ductility from 6% 
elongation at peak aged condition to roughly 5% elongation for the 450°F and 4% 
elongation for the 400°F overaging times.  This ductility drop should be accounted for 
when 2219 aluminum is used in certain applications. 
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Appendix 
A.1 Sample Temperature Logs 
Note: The large dip in the beginning of each chart indicate the time the sample was placed in 
the furnace. 
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A.2 All Tensile Testing Curves 
1 Hour, 5 Hour, and 10 Hour Tensile Tests of Samples Aged at 400°F 
 
 
Tensile Tests of Samples Aged at 450°F for 1, 5, and 10 hours respectively 
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Tensile Tests of Samples Aged at 500°F for 1, 5, and 10 hours respectively
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Tensile Tests of Samples Aged at 550°F for 1, 5, and 10 hours respectively
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Tensile Tests of Samples Aged at 600°F for 1, 5, and 10 hours respectively
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A.3 Full Raw Data for All Specimens. 
Peak Aged     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 9.21 46.40 59.00 5.87 
2 11.19 49.40 64.30 5.65 
3 10.38 47.60 61.10 5.87 
4 9.76 49.70 63.20 5.79 
5 10.12 49.20 62.90 6.13 
Average 10.13 48.46 62.10 5.86 
Standard Deviation 0.66 1.26 1.86 0.16 
% Diff from Peak Aged 0.00 0.00 0.00 0.00 
 
1hr 400F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 9.89 47.40 59.10 3.96 
2 10.80 45.30 57.80 4.03 
3 10.73 46.80 57.30 3.38 
4 11.01 46.30 58.60 3.70 
5 11.20 45.80 58.90 4.05 
Average 10.73 46.32 58.34 3.82 
Standard Deviation 0.45 0.74 0.68 0.25 
% Diff from Peak Aged 5.70 -4.52 -6.24 -42.08 
 
5hr 400F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 12.19 46.80 60.40 4.22 
2 10.46 49.60 64.30 5.99 
3 11.03 44.60 56.40 3.55 
4 10.76 49.40 64.00 5.41 
5 10.64 47.50 59.30 3.41 
Average 11.02 47.58 60.88 4.52 
Standard Deviation 0.62 1.84 2.97 1.02 
% Diff from Peak Aged 8.36 -1.83 -1.98 -25.94 
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10hr 400F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.75 46.20 57.70 3.19 
2 9.76 43.50 56.30 4.39 
3 9.29 42.00 52.70 3.36 
4 10.54 41.80 54.10 4.10 
5 11.22 46.60 61.40 4.94 
Average 10.31 44.02 56.44 4.00 
Standard Deviation 0.70 2.03 3.02 0.65 
% Diff from Peak Aged 1.76 -9.60 -9.55 -37.86 
 
1hr 450F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.71 46.00 60.60 6.39 
2 9.98 46.90 62.00 6.73 
3 10.11 47.20 61.30 5.94 
4 10.20 46.60 61.00 6.29 
5 9.93 47.80 62.20 6.42 
Average 10.19 46.90 61.42 6.35 
Standard Deviation 0.28 0.60 0.60 0.25 
% Diff from Peak Aged 0.53 -3.27 -1.10 8.06 
 
5hr 450F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 11.37 39.30 53.50 4.53 
2 10.19 39.90 54.50 4.94 
3 10.38 39.60 53.90 4.36 
4 9.57 39.40 53.90 4.65 
5 10.44 39.90 54.00 4.34 
Average 10.39 39.62 53.96 4.56 
Standard Deviation 0.58 0.25 0.32 0.22 
% Diff from Peak Aged 2.51 -20.07 -14.03 -24.90 
 
10hr 450F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.77 37.60 52.20 4.70 
2 10.30 38.20 51.10 3.62 
3 11.37 38.00 53.70 5.01 
4 9.45 39.50 55.70 5.77 
5 11.70 39.30 55.00 4.55 
Average 10.72 38.52 53.54 4.73 
Standard Deviation 0.80 0.75 1.71 0.70 
% Diff from Peak Aged 5.62 -22.86 -14.80 -21.37 
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1hr 500F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.15 41.10 57.40 7.35 
2 9.55 41.70 57.60 7.87 
3 10.61 41.90 58.70 7.35 
4 10.06 39.80 55.90 7.25 
5 9.65 40.00 55.90 6.99 
Average 10.00 40.90 57.10 7.36 
Standard Deviation 0.38 0.86 1.08 0.29 
% Diff from Peak Aged -1.27 -16.92 -8.39 22.69 
 
5hr 500F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 11.42 36.50 53.80 5.65 
2 9.61 34.40 48.90 5.43 
3 11.44 33.80 50.30 6.18 
4 9.83 36.00 52.30 7.63 
5 9.26 35.00 51.70 5.84 
Average 10.31 35.14 51.40 6.15 
Standard Deviation 0.93 1.00 1.68 0.78 
% Diff from Peak Aged 1.76 -31.87 -18.85 4.73 
 
10hr 500F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.44 32.60 48.80 8.83 
2 9.38 33.20 49.10 8.18 
3 10.47 33.10 50.00 8.61 
4 10.12 34.60 53.00 8.56 
5 11.78 35.20 52.80 8.49 
Average 10.44 33.74 50.74 8.53 
Standard Deviation 0.78 0.99 1.81 0.21 
% Diff from Peak Aged 2.98 -35.82 -20.13 37.12 
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1hr 550F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.34 32.40 49.30 6.87 
2 12.38 33.10 49.20 6.06 
3 9.43 37.30 55.70 7.82 
4 8.84 33.40 48.50 5.46 
5 9.85 35.00 51.80 6.80 
Average 10.17 34.24 50.90 6.60 
Standard Deviation 1.21 1.75 2.65 0.80 
% Diff from Peak Aged 0.35 -34.39 -19.82 11.87 
 
5hr 550F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 12.20 31.80 48.80 8.27 
2 10.41 31.60 49.00 8.71 
3 9.97 30.60 48.80 9.83 
4 11.59 31.60 49.10 9.08 
Average 11.04 31.40 48.93 8.97 
Standard Deviation 0.89 0.47 0.13 0.57 
% Diff from Peak Aged 8.60 -42.72 -23.73 41.94 
 
10hr 550F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 11.23 32.20 51.00 9.47 
2 10.10 30.30 46.80 8.63 
3 10.15 30.10 46.70 9.14 
4 12.00 29.10 45.30 8.92 
Average 10.87 30.43 47.45 9.04 
Standard Deviation 0.79 1.12 2.13 0.31 
% Diff from Peak Aged 7.03 -45.72 -26.75 42.65 
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1hr 600F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 10.02 30.70 46.60 5.89 
2 10.11 31.70 48.70 5.37 
3 10.03 29.90 46.90 6.49 
4 12.40 28.70 45.30 6.15 
5 11.45 31.00 48.50 6.01 
Average 10.80 30.40 47.20 5.98 
Standard Deviation 0.97 1.03 1.26 0.37 
% Diff from Peak Aged 6.40 -45.80 -27.26 2.03 
 
5hr 600F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 11.38 27.30 45.40 8.97 
2 9.51 26.20 42.80 9.42 
3 10.45 27.60 45.70 9.45 
4 10.44 26.00 44.20 10.23 
Average 10.45 26.78 44.53 9.52 
Standard Deviation 0.66 0.69 1.14 0.45 
% Diff from Peak Aged 3.04 -57.65 -32.97 47.54 
 
10hr 600F     
Specimen Young’s Modulus (Msi) Yield Stress (ksi) Tensile Stress (ksi) % Elongation 
1 11.27 25.40 42.70 9.87 
2 10.49 24.70 41.10 9.49 
3 11.19 25.20 41.60 10.45 
4 12.69 24.10 41.40 10.23 
5 10.09 25.30 42.40 9.25 
Average 11.15 24.94 41.84 9.86 
Standard Deviation 0.89 0.48 0.61 0.45 
% Diff from Peak Aged 9.53 -64.09 -38.98 50.84 
 
